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Abstract
Mechanical circulatory support options for patients with a failing Fontan physiology are
significantly limited. This research advances the design of a cavopulmonary assist device as a
bridge-to-transplant or bridge-to-recovery for Fontans. A fixed-bladed impeller and diffuser for
this pump was designed and optimized using ANSYS CFX™ 12.1 software. Building upon the
fixed bladed geometry, a novel flexible impeller prototype was created and evaluated by
hydraulic testing. In contrast to the fixed design, the flexible impeller enabled a range of blade
angles from 60°-250°. Improvement in pump performance was achieved. Pressure generation
was found to decrease as a function of higher flow rates and increase as a function of faster
rotational speeds and larger blade angles. The designs were able to produce 1-25 mmHg for 0.5-
4 L/min at 5000-8000 RPM, which is sufficient to assist Fontan patients. The findings support
the continued development of this blood pump with pitch-adjusting characteristics.
1CHAPTER I: SIGNIFICANCE AND OBJECTIVES
1.1 SINGLE VENTRICLE PHYSIOLOGY
Each year, over 1 million infants are born with congenital heart abnormalities around the
world (1). Pediatric cardiovascular malformations account for approximately 6-10% of total
infant deaths, and they are one of two major causes of neonatal death (2). A certain subset of
these infants is born with malformations of their heart chambers that render one ventricle non-
functional. Approximately 2 in every 1000 births results in a single ventricle physiology, as
opposed to the normal, biventricular configuration (1, 2). These significant cardiac
malformations require immediate and subsequent open-heart surgeries to construct a
cardiovascular physiology that is commiserate with life (3). These complex cardiac
malformations would be fatal within the first two weeks if not for surgical intervention (4).
Current surgery techniques for these patients consist of a series of 3 open heart surgeries
culminating in the Fontan procedure. This procedure has been evolving and improving as new
surgical approaches have developed over the last several decades (5). There are many variations
of the Fontan physiology as each patient presents unique anatomies and individual challenges;
the most common, piece-wise construction of the single ventricle physiology or Fontan includes
the creation of a total cavopulmonary connection (TCPC). This is where the inferior vena cava
(IVC) and the superior vena cava (SVC) are connected directly to the unbranched right main
pulmonary artery (6). It is a type of extracardiac Fontan (7). The first of the 3 surgeries is known
as the Norwood procedure. Stages of the Norwood procedure can be seen in Figure 1.1:
2Figure 1.1: Stages of the Norwood Procedure
Usually occurring within the first two weeks after the infant is born; the Norwood
procedure enables infant’s deoxygenated blood reach the lungs through the implementation of an
“artery-to-pulmonary-artery shunt”. Since pulmonary vascular beds in these newborns are very
reactive because of their prenatal development (8). This may increase the vascular resistance in
these infants because their smooth muscle lining is more likely to be contract down if the oxygen
concentration drops in the blood and this will increase flow resistance (9). The next step is to
perform the Glenn procedure where the Norwood shunt is disconnected from the body (10). The
Glenn procedure can be seen in Figure 1.2:
3Figure 1.2: Glenn procedure with Norwood shunt removed (11)
This procedure is also where superior vena cava (SVC) is connected to the pulmonary artery.
These patients usually undergo the Glenn procedure when they are approximately 6 months old.
The surgeries culminate in the connection of the inferior vena cava (IVC) to the pulmonary
arteries (12), also known as the Fontan physiology and this can be seen in Figure 1.3:
Figure 1.3: Fontan physiology with one usable ventricle (13)
4This completes the TCPC junction for these Fontan patients and occurs when these children are
between 3-5 years of age. The staged surgical repair of the ventricle can be seen in Figure 1.4:
Figure 1.4: Repair of the single ventricle: Stage 1 (A) The Norwood Procedure. Stage 2
(B) Glenn procedure / hemi-Fontan repair. Stage 3 (C) Fontan completion
In contrast to a normal cardiophysiology where the left-sided (systemic) ventricle drives
blood through the body and the right-sided (pulmonary) ventricle pumps blood through the
lungs, the Fontan configuration, as previously described, has no right-sided power source to
drive blood through the lungs; the remaining single ventricle must impart enough energy to drive
blood through both the systemic and pulmonary circulations. Over time, the increase in workload
on the single ventricle causes functional and physiological complications, leading to the
development of low cardiac output (14).
The existence of the TCPC indicates that the right ventricle has been bypassed. Blood
flow through the pulmonary and systemic circulations is driven by only the single ventricle (5).
These patients are confronted with having abnormal cardiovascular hemodynamics as a result of
5their atypical physiology (15). The ability of these patients to exercise is greatly reduced due to
the extra burden put on the single working ventricle (16). It is also the cause of supraventricular
arrhythmias, which is the abnormal rhythm of the heart that begins above the ventricles. Other
patients may experience protein loosing enteropathy as a result of their extra-ordinary cardiac
function (17). The combination of heart-related issues in these patients ultimately leads to
progressive heart failure (18). It then becomes necessary for a heart transplantation to take place
in order for these patients to survive. In order to improve the quality of life in these patients,
several surgical interventions are implemented with the intention to reduce the load on the single
ventricle. These surgeries have been shown to extend the time before a cardiac transplant
becomes absolutely necessary, thus improving their chances of survival (2). These surgical
procedures include: baffle fenestrations, hepatic vein reinclusions, valve repairs, and the
implementation of pacemakers (5). Although these surgical interventions assist in improving
cardiac output, there is still an immense need for a heart transplant since heart failure is
inevitable and premature in these patients. The wait for donor organs is extensive and many of
these patients sadly expire while on the donor list. The mortality rate in these patients is around
44% (5). Therefore, mechanical circulatory assist devices are a popular option to augment flow
energy in the single ventricle. More recently, ventricular assist devices (VADs) have been
employed in a small number of single ventricle patients in order to provide bridge-to-transplant
mechanical circulatory support until a donor organ is located.
While VADs have shown promise for use to support single ventricle patients, these blood
pumps were designed for viable biventricular circulations. These blood pumps have pressures
that far exceed the level necessary to augment flow in the Fontan physiology, and require
invasive open-heart surgery for placement (7). All of the VADs currently available on the market
6and under development are not suitable for mechanically supporting a Fontan patient and
ultimately increase the risk of thrombosis, hemolysis, infection, and death. This patient
population utilizes healthcare resources disproportionate to the their numbers with millions of
expenditures each year, and thus there is a substantial need for the development of an effective
and safe blood pump that is specifically designed to mechanically support the Fontan circulation,
addressing a significant human health problem (2).
1.1.1 THERAPEUTIC OPTION: CAVOPULMONARY ASSIST DEVICE
At the Virginia Commonwealth University, the BioCirc Laboratory team has been
steadily developing a cavopulmonary assist device as a bridge-to-transplant (BTT), bridge to
recovery (BTR), or bridge to surgical reconstruction in older children, adolescent, and adult
Fontan patients. Unique in design as compared to other pumps that are clinically used or under
development, this pump is intended for percutaneous insertion via the remote femoral vein and
placement close to the TCPC junction (8). Figure 1.5 illustrates the conceptual design of the
intravascular blood pump. The axial flow pump is designed for percutaneous positioning in the
inferior vena cava (IVC) or extracardiac conduit (ECC). The outer protective cage has radially
arranged filaments that serve as touchdown surfaces to protect the vessel wall from the rotating
components. Each filament is hydrodynamically designed to reduce drag and to maximize
energy production from the rotating, engineered impeller blades (2). Currently the rotating pump
consists of an impeller with three uniquely designed and helically wrapped blades to maximize
energy transfer (8). Pump rotation is induced through a drive cable-fluid seal combination with a
port to supply a dextrose solution as lubrication between cable and polyurethane outer cover, as
well as to flush the fluid seal of any accumulated blood elements. An outlet nose is also located
at the outflow of the pump to physically limit the axial movement of the impeller, to connect the
7cage filaments, to support a set of diffuser blades, and to house bearings, if needed, which
support the impeller during operation (4). When the pump is in collapsible form, the target outer
diameter is less than 5 mm; on the contrary, when the pump is fully extended, the target outer
diameter is approximately 18 mm. The target design for the intravascular pump is to generate
flow rates of 0.5-4.5 L/min with pressure rises of 2-25 mmHg for operating rotational speeds of
3000-9000 RPM. This cavopulmonary assist device is designed to support older children,
adolescent, and adult patients who have a failing single ventricle physiology.
Figure 1.5: Intravascular Axial Flow Blood Pump for Fontan Patients. Design consists of a
catheter, protective cage of filaments, impeller blade set, and diffuser blade set.
To-date, a majority of the pump designs and prototypes have included only rigid impeller
and diffuser blades.  Much work has been performed to optimize the design of the protective
cage of filaments in order to enhance energy transfer across the pump (2). Optimization of the
impeller and diffuser blade angles, however, has not occurred since the initial design effort. The
focus of this thesis was to use computational modeling to optimize the blade angles of the blood
pump and to experimentally investigate the incorporation of the flexible, pitch-adjustment in the
blade angles in order to facilitate percutaneous placement and modulation of pump performance.
Pitch-adjustment refers to mechanisms that produce deliberate geometrical changes of impeller
8blades as a means of flow control and maintenance of optimal design performance; this
represents the first-ever integration of the pitch-adjusting features into a blood pump for
circulatory assistance.
1.2 PROJECT OBJECTIVES
To address the growing need for alternative therapeutic options for Fontan patients, we are
developing an intravascular axial flow blood pump to support the cavopulmonary circulation.
This thesis project focuses on improvements in pump performance through optimization of the
impeller and diffuser blade angles using numerical and experimental means.  The following list
describes the objectives of the research in this thesis:
 Numerically analyze existing geometries of the impeller and diffuser blades for the most
recent pump design.
 Fixed-bladed impeller and diffuser geometries
o Optimize and analyze impeller and diffuser blade geometries using ANSYS
BladeGenTM computer software.
o Numerically model the optimized blade designs using ANSYS CFX
computational fluid dynamics (CFD) software.
o Conduct design improvements through iterations and numerical simulations.
 Flexible-bladed or pitch-adjusting impeller geometries
9o Phase I: Experimentally evaluate an existing twisted impeller configuration in a
hydraulic flow loop by measuring the pressure rise, rotational speed, and flow rate
for two different twisted angles (15 and 30 degrees).
o Phase II: Work with the manufacturing company to construct a new gear system
in order to support 2-3 degree twisted angles in the impeller.
 Complete experimental testing of the newly constructed twisted
configuration to measure the pressure-flow performance for a range of
flow rates and rotational speeds.
This research optimized the impeller and diffuser blades for a fixed-bladed pump
configuration, as well as examined a novel design characteristic through the incorporation
of the pitch-adjustment into the pump design. This unique cavopulmonary assist device is
designed to provide BTT, BTR, or bridge to surgical reconstruction for patients with an
ailing Fontan physiology.
10
CHAPTER II: MATERIALS AND METHODS: DESIGN AND NUMERICAL
SIMULATIONS
A focus of the research was working toward the most efficient geometrical configuration
of the pump for imparting the maximal rotational energy to the fluid. Standard pump design
equations were initially used in the creation of the geometric characteristics of the pump
(impeller and diffuser blades) based on design specifications (19). These equations form the
framework for the design optimization as completed in this thesis. In particular, the leading and
trailing edges of the blades must be specially considered as they define the pressure generation of
the impeller and diffuser (8). This methodical design process is based operating conditions and
size constraints associated with the deployment of the pump in the bloodstream.  Thus, we must
also assess possible blood damage or clotting associated with implementation of the blood pump.
Specifically; thrombosis (i.e. clotting) and hemolysis (i.e. blood cell trauma or damage) are
discussed and predicted (8).
The initial starting point for the pump design in this thesis project was based on previous
design evolution. The geometric optimization was conducted through the use of ANSYS CFX
12.1 (ANSYS Incorporated, Canonsburg, PA, USA). The computational fluid dynamics analysis
involves dividing the complex 3-D domain into smaller computational elements to be solved
individually with connecting nodes (20). The ANSYS software was employed to solve the
Navier-Stokes equations of fluid motion and to predict the pump performance and blood flow
patterns through the pump domain.
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2.1.1 STANDARD PUMP DESIGN EQUATIONS
The newly optimized geometry of the impeller and diffuser blades had to meet the
required operation conditions and size constraints of the system. For the impeller, a conventional
geometry consists of a blade root, blade tip, blade thickness, leading edge angle, trailing edge
angle, pitch, cord, skew, hub diameter, blade area, and hub diameter (1). The pump needs to
impart rotational energy to the fluid. The blade leading and trailing edge angles must be chosen
carefully to meet the operational needs of the system. When the fluid strikes the leading edge of
the rotating impeller blades, the contact produces a torque and subsequent redirection of the fluid
flow and thus adjustment of velocity vectors, which define the fluid flow (19).
Applying Newton’s law of motion to the impeller states that the torque of the impeller is
equal to the change of moment of momentum of the fluid passing through the system (2). Dozens
of mathematical equations have been derived to provide an order of magnitude estimate of blade
characteristics, such as dimensions and general geometry. These equations, as found in pump
design handbooks (19), were studied to formulate a strategy for blade optimization as carried out
in this thesis work.
These equations also provided insight into operational relationships that are critical to the
design process for a blood pump. For instance, pump rotational speed is inversely proportional to
the diameter of the impeller hub. This means that a smaller impeller will need to be rotating
faster in order to create the same pressure rise. The faster rotation, however, translates into
higher shear stresses, risking blood damage or irregular flows that might create conditions
favoring clotting (21). This creates a challenge when imparting energy to blood using an
impeller.
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2.1.2 HEMOLYSIS AND THROMBOSIS
Fluid stresses or shear forces, as imparted on blood cells traveling through a blood pump,
may cause the blood cells to rupture, damaging the hemoglobin (22). This process is known as
hemolysis. Hemoglobin is a metalloprotein that carries oxygen throughout the body, and then
returns the carbon dioxide to the lungs to be removed through exhalation. The extent of which
the blood is damaged may be found by measuring the amount of hemoglobin within the plasma
after separating the plasma out (1). The damage may also lead to thrombosis, which is the
formation of a blood clot inside a blood vessel. These stresses are the greatest around the gap
clearances where the rotating component is near the stationary component (1). The extent of the
blood damage also depends on the exposure time. For this thesis project, no direct hemolysis
measurements or estimations were performed, but an effort was made to improve pump
performance while lowering irregular flow patterns and reducing fluid stress levels that are
present in the pump during rotational operation.
2.1.3 DESIGN SPECIFICATIONS AND CHARACTERISTICS
The initial pump model that was created consisted of two sections: an impeller and
diffuser. The rotating impeller section had 3 blades transversing it, while the stationary diffuser
region had 4 blades. A different number of blade passages were chosen for the impeller and
diffuser in order to better ensure the smooth flow of fluid entering the guild vanes of the diffuser
(8). In addition, impeller and diffuser blade numbers must not be multiples of each other or
exactly the same since a vibrational frequency in the fluid forces can occur and be magnified as a
function of rotational speed (23). The original model created with good pump performance was
taken to be the comparative control model and was called “Pump A Model.” The dimensions of
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the Pump A can be seen below in Table 1. Figure 2.1 illustrates the numerically predicted
performance for the Pump A for a flow rate of 3.5 L/min at 6000 RPM. The streamlines, as
shown in the figure, indicate the presence of vortices in the blood flow and potential blade angle
mismatch in the design. Therefore, improvements in this design are needed to improve flow
control and energy transfer across the pump.
Table 1: Pump A Model Dimensions
Pump A Model
Impeller Diffuser
Blade # 3 4
Blade Height (mm) 5 3.5
Blade Height (mm) 3 6.2
Blade Length (mm) 23 10.2
Total Axial Length (mm) 43.5 14.3
Tip Clearance (mm) 1.5 1.5
Shroud Diameter (mm) 18 18
Inlet Hub Diameter (mm) 5 8
Outlet Hub Diameter (mm) 9 2.6
The Pump A Model can be seen in Figure 2.1:
Figure 2.1: Pump A Model after fluid simulation for a flow rate of 3.75 L/min at 6000 RPM
Boundary Layer
Separation Turbulence
Adverse Fluid Flow
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2.2 COMPUTATIONAL FLUID DYNAMICS: ANSYS CFX
This thesis project involved the application of computational fluid dynamics (CFD) to
optimize the design of the impeller and diffuser blade sets. CFD is a branch of fluid mechanics
that utilizes high performance computers with complex algorithms and numerical methods to
analyze problems involving fluid flows (24). CFD software operates by dividing a three-
dimensional fluid domain into minute mesh elements. These elements are linked together by
common nodes which allow them to be solved algebraically through directly coupled, linearized
equations (25). Boundary conditions are provided so that the computer can simulate the
interactions involving fluids and surfaces (20). A flowchart outlining the various Ansys™
software and their functions as it related to the design evolution can be seen in Figure 2.2.
15
Figure 2.2: Schematic of Ansys™ design tree
The following software programs are representative of the ANSYS CFD software suite that was
used for the numerical simulations and optimization in this thesis project: BladeGen™,
Turbogrid™, CFX-Pre™, CFX-Solver™, and CFX-Post™.
2.2.1 BLADGEN
The blade design for each region of the pump was modeled using BladeGen™ Software.
It is within BladeGen™ where the three-dimensional geometries of the blades were created and
Ansys™ 12.1 Software Used for Simulation Driven Prototype
Development
•The application of computational fluid dynamics (CFD) were used to optimize
the design of the impeller and diffuser blade sets
•Complex algorithms and numerical methods were used to analyze problems
involving fluid flows
BladeGen™ was used to generate the Pump Geometry
•Three-dimensional geometries of the blades were created and modified layer
by layer through two dimensional profiles
TurboGrid™ Software Was Used for the Mesh Creation
•Mesh generation and grid refinement  were accomplished through TurboGrid™
•Turbogrid™ mesh creation is specifically talored for the creation of blade
geometries
CFX-Pre™ is the Physics Definition Pre-Processor for Ansys-CFX™
•CFX-Pre™ Software was used in defining the flow and boundary conditions
•CFX-Pre™ files are sent to the CFX-Solver™
CFX-Solver Manager™ Module Was Used in the Management and Control
of the CFD Tasks
•The ANSYS CFX™ solver uses a hybrid finite element/finite volume method to
solve the Navier-Stokes equations that describe fluid flow
CFX-Solver Manager™ Module Was Used in the Management and Control
of the CFD Tasks
•CFD-Post™ uses a graphical user interface with a viewer plane where graphical
output is plotted
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modified layer by layer through two dimensional profiles. A meridional view is provided in the
upper left-hand corner of the workspace. This view is used to define the blade axial space (26).
There is also an angle and thickness view which allows for the systematic modification of blade
angles and thickness on a layer-by-layer basis. BladeGen™ also allows for the operator to
modify a single blade passage whose information is transferred and replicated into a pre-
determined number of blade passages. The geometry files are exported to Turbogrid for the mesh
generation around the blades (20). Figure 2.3 depicts one of the initial three-bladed impeller
designs within BladeGen™.
Figure 2.3: BladeGen™ drawing of a heart pump impeller section
2.2.2 TURBOGRID: MESH GENERATOR
After the blade geometries were created in BladeGen™, they were then imported to the
TurboGrid™ software to create a mesh and further define the geometry. The first step in the
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creation of the grid is the mesh generation and grid refinement. The quality of the grid depends
on several factors including: skew, orthogonality, aspect ratio, type, and expansion factor. A grid
independence study was performed to be certain that mesh density is independent of the modeled
physics. Thus, in typical grid density studies, the solution parameters do not measurably change
with an increase in mesh density (< 3% change in critical fluid characteristics, such as pressure,
velocities, etc. is desirable). Each component of the mesh can be altered by adjusting the number
of elements per passage along with the total number of constant elements in the passage or along
the surfaces in the boundary layer.
There are two ways that the TurboGrid software can be run; 1. TurboGrid Workbench™,
which is where TurboGrid™ runs within the ANSYS Workbench™ software. 2. Running
TurboGrid™ as an independent system from Workbench™. The latter option was more
appealing given the many pitfalls of working within the Workbench system. The mesh construct
in TurboGrid™ supports the creation of hexahedral elements, which is ideally suited for
simulating fluid flow. Care was taken to maintain the minimum and maximum face angles of the
mesh elements within a reasonable range (usually between 40° and 140°). It was also important
to ensure that aspect ratios relatively small. Figure 2.4 demonstrates how element analysis can
be illustrated in TurboGrid™.
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Figure 2.4: Red colored elements indicate that the element ratio is greater than desired
Turbogrid requires the creation of a topology, which serves to divide the region into blocks and
as a virtual structure to guides the mesh generator. In Figure 2, the topology is visualized in
TurboGrid™ as a magenta colored outline surrounding the edges of the blade and edges of the
passage both at the hub and the blade tip. A grid outlines the mesh elements on the topology
layers. Control points may be added to alter the positioning and improve orthogonality of the
mesh. Figure 2.5 shows the topology of an early impeller model. Figure 2.6 shows how the
three-dimensional mesh appears in TurboGrid™.
Red Indicates High Element Ratios
Mesh Elements
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Figure 2.5: The topology surrounds the entire blade passage in TurboGrid™
Figure 2.6: TurboGrid™ visualizes the 3-D mesh for a single blade passage
Elements are constricted near the blade edge
Control points
Blade Tip Impeller Blade
Hub Surface
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2.2.3 CFX: PRE
Once the mesh generation was completed for each impeller and diffuser blade geometry,
the components were assembled together in CFX-Pre™ (20). A new turbomachinery file was
created for every new case. For the first time, both the impeller and diffuser regions could be
added together. After the sections were incorporated, the number of blade passages were
specified for their respective regions. The diffuser was placed in a stationary reference frame
while the impeller was defined as being in the rotating reference frame to capture the appropriate
physics and momentum of rotation. Figure 2.7 shows the sections being assembled in CFX-
Pre™.
Figure 2.7: The impeller section is being added to the existing diffuser in CFX-Pre™
The analysis type is set at steady state, and the turbulence model used was the K-Epsilon
model. This When the impeller and diffuser regions were assembled, the linking interface
between each region was set to frozen rotor to designate the different rotating reference frames
Sections Are Joined
# of Passages
Defined
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and model the physics appropriately. At that point in the design process, the two regions were
adjacent to each other along the Z-axis. It was then necessary to translate the mesh via the Deltas
method along the Z-axis. CFX-Pre™ automatically defines some of the boundaries such as the
impeller hub and shroud as walls. However, other parameters still needed to be defined. The inlet
was defined as having a mass flow rate to define the fluid mass and momentum entering the
pump. The diffuser outlet was defined as an opening to allow for free flow of fluid in both
directions. The relative pressure at this opening was set to 100 Pa. Other boundaries such as the
shroud or impeller blades were simply defined as wall surfaces with no-slip conditions at the
boundary layers. The next step was to define blood as a new material. Blood was given a density
of 1050 kg/m^3 and a dynamic viscosity value of 3.5 centipoises. To define the solver run, a
residual max target of 0.001 was set with a physical timescale of 0.0008 s. Figure 2.8 shows the
fully defined impeller and diffuser components of the pump ready to be put into the solver.
Figure 2.8: Impeller and diffuser sections come together in CFX-Pre™
Inlet Outlet
Component InterfaceVisible Elements
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2.2.4 CFX: SOLVERS
The ANSYS CFX™ solver uses a hybrid finite element/finite volume method to solve
the Navier-Stokes equations that describe fluid flow based on Newton’s second law of motion
(27). The ANSYS CFX™ employs a Reynolds Averaged Navier Stokes (RANS) approach to
solving for turbulence flow conditions, as would be expected in our blood pump designs (28).
This approach to turbulence modeling is simplified by introducing new stresses known as
Reynolds stresses (20). These equations model the motion of fluid flow by breaking down
individual fluid elements into their time-averaged and time-varying quantities (20). The progress
of the convergence for each model was followed with both physical and numerical quantities
shown. Many of the parameters are able to be altered within CFX-Solver™, even while the
solver was running. This was particularly useful for being able to change the time step and
increase the convergence rate.
2.3 TURBULENCE MODELING
For the simulations in this thesis, the K-epsilon ( ) turbulence model was utilized
and is one of the most popular models of its kind. It includes the two extra transport equations to
assist with modeling the turbulence properties of the fluid flow (29). The K represents the kinetic
turbulent energy in the system and is the first transported variable in the model (30). The extent
of the turbulence is determined by the turbulent dissipation ( ) which is the second transported
variable (31). The formation of the model used in this application was the Launder and
Sharma configuration which is the conventional model used in similar applications. The
model was chosen for this thesis work because of prior experience and successful modeling of
earlier pump designs (19).
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2.3.1 CFD: POST
After the CFD runs converged, the results were analyzed in CFD-Post™. In CFD-Post™,
particle flow paths were analyzed using the streamline feature. A specified number of seed points
that started at the impeller inlet were created and CFD-Post™ followed them through the blade
passages. Their path was color highlighted to represent the velocity through all the time steps.
Figure 2.9 shows the fluid path as it transverses through the pump.
Figure 2.9: Streamlines in CFD-Post™
The CFD-Post™ software was especially useful in visual analysis. One of the tools allows the
analyzer create user-defined contour plots on surfaces. This tool is particularly useful in finding
problem areas on the pump. Because the K-Epsilon was used as a turbulence model, it was
important that the Y+ value was higher than 11. Figure 2.10 shows a contour plot in CFD-
Post™.
Seed Points Section Interface
Particle Paths
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Figure 2.10: Y+ values are examined on the impeller section
The source of pressure losses was found using pressure contour plots. Figure 2.11 is of a
pressure contour plot in CFD-Post™.
Figure 2.11: The pressures surrounding the pump are examined in a contour plot
Sagittal View Frontal View
Note: Y+ Value is Higher at the Inlet and Blade tips
Note: Pressure is
Greater Near Blade Tip
Higher Pressures
at Leading Edge
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CFD-Post™ also has a Macro, Mesh, and Function calculator. It allowed for a wide range of
functions to be selected, ranging from mass flow to torque, along any surface or plane of interest.
Figure 2.12 is a snapshot of the function calculator.
Figure 2.12: Information is gathered in the Function calculator
In order to better understand how the geometry of the pump affected the pressure generation,
coronal planes were defined every 2 mm, as shown in Figure 2.13, to assess the increase in
pressure from the inlet to the outlet of the pump.
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Figure 2.13: Sectional planes are defined along the Z-axis
The sectional planes were used in conjunction with the Function calculator in CFD-Post™ to
create a table depicting the average pressure along periodic planes for several control models
which added to the grid independence study.
2.4 BLOOD DAMAGE MODELING
In consideration of hemolysis and thrombosis, the fluid stress levels along the surface of
the pump and in the TCPC junction were measured. The level of scalar stress ( ) experienced by
the blood is represented by the equation 1:
= (16 ( − ) + ) /
Equation 1: Scalar stress level
Planes go around the Z-axis
Note: Impeller and diffuser blades are hidden
2 mm
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Where i and j are representative of the shear and normal components of the flow field stresses.
As a design criterion, a maximum stress value of 425 Pa for 600 milliseconds was selected (5). A
blood damage index was selected by applying a power-law relationship between the scalar stress
level and the exposure time (5). In order to estimate the total blood cell damage, the stress and
exposure time along the streamlines was added together. This approach provides a statistical
estimate of damage to blood cells traveling through this blood pump, according to equation 2:
= 1.8 10 ∙ . ∙ Δ .
Equation 2: Blood damage
Where D is the blood damage index or probability of damage, t represents the exposure time,
rrepresents the scalar stress, the model entrance face is represented by inlet, and the exit face is
represented by outlet. A Couette viscometer with an exposure time of 0.0034‐0.6 s for fluid
stresses of 40‐700 Pa was used to obtain the numerical constraints relating to stress and exposure
time in equation 2 (5,32). The blood damage index is presented as a percentage change in
hemoglobin levels divided by the original hemoglobin amount. A blood damage index below 2%
is desired.
In summary, ANSYS software including BladeGen, Turbogrid, CFX-Pre, CFX-Solver,
and CFX-Post were employed to generate and analyze a fixed blade impeller and diffuser model.
The purpose of the impeller/diffuser is to impart energy into the blood and thus generate pressure
to drive flow through the cavopulmonary circulation. With the aid of the ANSYS software, we
were able to optimize the pump through an iterative process of design, numerical and visual
analysis, and re-design. Through this process, incremental improvements were made that
increased pump performance and decrease the number of and severity of unwanted regions of
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irregular flow. However, the design process was limited by the fixed geometry of the impeller.
By holding the basic geometry fixed and adjusting solely the stagger angles of the impeller
blades, the direct affects of the blade angles could be seen more clearly and enhance the
optimization process.
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CHATPER III: MATERIALS AND METHODS: PITCH-ADJUSTMENT AND
EXPERIMENTAL TESTING
Initial pump design and experimental testing were performed exclusively on prototypic
designs having fixed impeller blade geometries. Fixed impeller blades are limiting in many
respects. For example, the impeller blade angles for a fixed pump were created to maximize
efficiency for only 1 design point (3 L/min at 5 mmHg). Therefore, at this design point, the flow
entering the impeller perfectly strikes the leading edges of the blades, traverses the blades, and
exits with a maximum amount of torque being applied. Operating the pump at any other flow
rates would result in deviation or a mismatch of the flow entering the impeller and thereby
reduce energy transfer and flow control across the impeller blades. A mismatch of flow also
increases the propensity for irregular flow patterns and higher shear stresses, as well as increases
the risk of hemolysis or thrombosis. This fact led the BioCirc lab to consider alternative
configurations where impeller blade angles could be changed during operation to maximize
energy transfer and flow control for a range of flow rates. This has never been done before in the
history of blood pump development.
3.1 PITCH-ADJUSTIVE CONCEPT AND INITIAL PROTOTYPE DESIGN
The pitch-adjusting concept involves the design of streamlined impeller blades with no
stagger angle (i.e. no helical twist) that are made of flexible and biocompatible polyurethane.
Each end of the impeller is connected to a miniature gear system that enables a circumferential
twist of the hub, lock of the twisted position in place, and then allows for rotation. This helical
shape has desired blade angles to generate pressure across the pump during rotation. Figure 3.1
displays the initial concept in the design of this configuration and the theory. The circumferential
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twisting will provide the capability to generate many blade angles for one impeller, thus allowing
for a shift in the operational and performance state without adjusting pump speed. Twisting
adjustments can be made to maintain or enhance efficiency and control flow at the outflow of the
blood pump.
Figure 3.2 illustrates the interlocking-sleeve configuration having a pitch-adjusting impeller,
where we were to rotate the blades around the shaft and thereby adjust the blade angle, design
point, and operating range. A key-lock approach was able to facilitate circumferential twisting of
the impeller to 15 and 30 using the degree dial on the dial end of the interlocking shaft.
Figure 3.2:  Initial Twisted Configuration, Proof-of-concept.  A. Straight blades with
interlocking sleeve; B. Twisted impeller blades at 30 around the rotor hub. There is a
shaft within a shaft-sleeve to allow for rotation and a key-lock on the front end to support
twisting.
Figure 3.1: Controlled Pitch-Adjustment. A. Straight blade configuration. B. Helically
shaped impeller after one end of the pump is twisted to generate the shape of the blade
along the rotor hub. C. Theory:  Higher twist increases the pressure rise, moves the
optimal design point, and expands the range of flows for a rotational speed.
A.                                                   B. C.
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3.1.1 OPTIMIZED PITCH-ADJUSTING IMPELLER PROTOTYPE
The pitch adjusting impeller design was then further modified and improved in the
second working prototype. Here the flexible part of the impeller was extended to a length of
approximately 1.5 inches. The added length provides an easier means of rotating the impeller to
greater angles. This is due to the greater surface area created by the extension which provides a
greater surface area to twist. It will also ultimately impart more energy into the fluid, thus
increasing the pressure difference generated for a given angle. The modified adjusting pitch
impeller can be seen below in Figure 3.3:
Figure 3.3: Second twisted impeller configuration
The impeller assembly consists of three main sections; 1.The impeller itself 2.The shaft 3.The
dial assembly. The dial assembly consists of three major parts; a 4mm lock collar, a splined lock
disk, and the dial face. The purpose of the lock disk is to prevent the outer shaft from slipping in
relation to the dial. This is done through the use of interlocking splines on the end of the brass
shaft and lock disk that fit together. The 4mm collar is the first dial piece to be assembled, and it
holds the assembly relative to the outer brass shaft for which it is fastened to. The lock disk,
4mm collar, and the dial face fastened together with the dial digits facing away from the impeller
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section. Finally, the adjustment collar is loosely fastened to the rest of the dial assembly and
attached to the inner shaft via a 3 mm set screw. By moving the adjustment collar and tightening
the M3 socket head screws, the desired angle of the impeller is achieved. The dial face and
adjustment collar can be seen below in Figure 3.4:
Figure 3.4: The dial assembly shown with zero initial blade angle
The pitch adjusting impeller has a working range of 0-270°. The first 125° may be achieved by
simply turning the adjustment collar. The remaining range may be achieved by “jumping” the
socket screws to new holes located 90° clockwise from the previous ones. The shaft assembly
consists of an inner and outer shaft. The outer shaft or “sleeve” is rigidly attached to both the
impeller head itself, and the main dial assembly. The inner shaft is attached to the adjustment
collar and a brass outer lock that has keys which fit into the outer impeller assembly. This allows
the blade angle to be adjusted as desired. The impeller head consists of a singular sleeve that
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slips over the inner shaft and locks into the brass outer lock. The impeller with initial stager
angle = 0° can be seen below in Figure 3.5:
Figure 3.5: The pitch adjusting impeller shown with a blade angle = 0°
3.2 HYDRAULIC FLOW LOOP
In order to hydraulically evaluate the pitch-adjusting designs, a flow loop was employed
to test the performance of twisted pump prototypes. The loop consisted of two reservoir tanks
(inlet and outlet), the differential pressure transducer DP15-36,n a 9LN vise grip, a flow probe
with meter, pump housing, two Labjack™ U12 A/D converters, a MicroMo™ Swiss made direct
current (DC) motor, the motor controller, and a pump prototype. The output of the motor was
controlled by adjusting the power control dial with a small flathead screwdriver. Pressure taps
located near the bottom of both the inlet and outlet reservoir tanks were connected by small tubes
to the pressure transducer in order to obtain the pressure rise across the system. The prototype to
be tested was placed inside the pump housing unit and was attached to the motor drive shaft.
This housing unit was centered in between the two reservoirs. The fluid flowed from the inlet
reservoir tank across the impeller and impeller housing to the outlet tank. This relatively high
No gaps at A, B, C, or D
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static pressure fluid was then naturally drawn to the relatively low static pressure in the outlet
tank by passing through 3/8 in Tygon™ tubing. The flow probe was positioned along the 3/8 in
Tygon™ tubing to measure the flow going in the direction towards the inlet tank. The flow rate
was controlled placing an Irwin™ brand adjustable vice grip on the Tygon™ tubing and
adjusting the grip. Labjack™ software interpreted the pressure and flow rate obtained through
the Labjack™ U12 A/D converters. The flow loop can be seen in Figure 3.6:
Figure 3.6: Hydraulic flow loop
3.2.1 INSTRUMENT CALIBRATION
Two main instruments were required to measure the pressure rise and flow rate through
the test loop as a result of the pump. A differential pressure transducer DP15-36 along with a
CD223 dual channel digital transducer indicator was used to measure the pressure rise across the
pump; a Transonic flow meter and probe were utilized to determine the flow rate through the test
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loop. For data sampling and acquisition, a Labjack™ U12 A/D board was employed and coupled
to a personal computer (PC).
To calibrate the transducer, two columns of water having the same diameter were filled
with water. These columns are seen in Figure 3.7:
Figure 3.7: Pressure transducer calibration set-up
The left column was filled with 60 inches, while the column on the right was filled with only 10
inches of water that was kept constant for the duration of the calibration. A small tube was
connected to the base of each column and was connected to the left and right sides of the
differential transducer. The water in the column on the left was incrementally reduced from 60 in
to 30 in by increments of 1 in for each data collection. It was then further reduced from 30 in to
10 this time by increments of 0.5 in per data collection point. The calibration process works by
comparing the pressure difference between the known constant height (and therefore pressure)
Large cylinder
with decreasing
water levels
Constant water
level (10 in)
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on the right, and the decreasing height on the right. The transducer measured the pressure in a
strain gage voltage change, which was then amplified and interpreted to a measurement in direct
current (DC) output. Using the previously installed Labjack™ software, data points were
collected by the LJ Stream Test at a rate of 50 Hz. An excel file was created for each water level
that contained an excel sheet of measured pressures at that level. The average pressure was
obtained for each varying height of water measured.
Similarly, the flow meter calibration was done in much the same way as the pressure
transducer. The flow probe from Transonic Systems Inc™ was used in the calibration and
testing. The flow probe was put on a flow loop with an axial pump. The flow probe was then
connected to a PC via the Labjack U12™. The sampling rate for the Labjack™ was also set at 50
Hz. The flow rate was reduced for each testing point by tightening an Irwin™ brand vice grips
on the flow loop to obtain the desired flow rate and a corresponding voltage reading.
3.2.2 FLUID PROPERTY DETERMINATION
To mimic the viscous properties of blood in the flow loop, a water and glycerin solution
was mixed by mass as an analog solution. A solution was created with a consistency of
approximately 40% glycerin and 60% water that was strained with a coffee filter.  A hydrometer
was then used to find the specific gravity of the fluid relative to water. The hydrometer used can
be seen in Figure 3.8:
Figure 3.8: Hydrometer
Weighted baseMeasurements taken fromfluid surface
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A hydrometer works on the principle that a floating body submerged in water will displace
a volume of fluid whose weight is equal to the floating body itself. The lower the specific gravity
of the fluid (aka the less it weighs); the more the hydrometer will sink into the fluid. This
phenomenon occurs because more fluid needs to be displaced in a lighter liquid to equal the
known weight of the hydrometer. The hydrometer was placed into the fluid where it was allowed
to become buoyantly stable. Readings were then taken from the hydrometer at the surface of the
fluid.
These density measurements were used in conjunction with a Cannon-Fenske viscometer to
determine the dynamic viscosity. The viscometer works by filling one side of the tube with a
fluid and measuring the amount of time it takes the fluid to pass between two lines on the
viscometer. The longer it takes for the fluid to pass between points, the greater the viscosity of
that fluid. The viscometer was placed in a test tube clamp and was positioned vertically in order
to utilize gravity. The viscous constant is dependent on the viscometer size. The drain times were
a function of density, viscosity, and the calibration factor. The dynamic viscosity ( ) can be
found using the formula seen in equation 3:( ) = ( ) ∗ ∗ ( )
Equation 3: Dynamic viscosity formula
The Cannon-Fenske viscometer used was size 50 which has a characteristic constant of 0.004
cSt, a viscosity range of 0.8 to 4 cSt, an inside diameter of 0.44 mm, and a bulb volume of 3.1
ml. The viscometer used can be seen in Figure 3.9:
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Figure 3.9: Viscometer Schematic
The viscometer was first rinsed, washed, and dried in order to remove any residual substances.
To fill the smaller diameter side of the viscometer; a pipette suction bulb was first placed around
tube 2 compressed. The opening to tube 1 was immersed into the water/glycerin solution and the
suction bulb was released; thus drawing the fluid into that side enough to completely fill the
space between the lines without any air bubbles. The pipette suction bulb used can be seen in
Figure 3.10:
Figure 3.10: Pipette suction bulb
Bulb
Pressure release
Inlet
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The time it took the solution to drain from line 1 to line 2 was recorded. These steps were
repeated three times to ensure consistency of the solution.
3.3 EXPERIMENTAL TESTING PROTOCOL FOR THE PITCH-ADJUSTING
IMPELLER PROTOTYPES
For both of the initial and latest twisted prototype configuration, experimental testing was
conducted in a similar fashion. The instruments were calibrated as previously described. The
flow loop was filled with the appropriately mixed blood analog solution. Every attempt was
made to eliminate all air bubbles from the system so that pressure readings were not distorted,
and a closed system was achieved without any leaking. Each twisted degree position of the
impeller blades was locked into placed for each prototype. Given the locked configuration, the
motor was engaged to induce rotation at speeds of 3000 to 9000 RPM. The rotational speed, flow
rate and pressure rise were measured and recorded for each twisted impeller position that was
examined. The results of which can be seen in chapter 4 under the “results” section.
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CHAPTER 4: COMPUTATIONAL MODELS AND RESULTS
Ansys™ software was used to create the initial impeller and diffuser for an axial flow
blood pump. Flow through the pump was simulated to observe its performance attributes and to
detect any unwanted characteristics, such as irregular or retrograde flow. Post processing tools in
CFX-Post™ such as the function calculator and the ability to create user defined surfaces aided
in the systems approach used for the pump design. A prototype flowchart is provided in Figure
4.1 to aid in the observation of the pump evolution.
Figure 4.1: Ansys™ prototype evolution flowchart
Bravo Model
Bravo_2
Bravo_3
Alpha Model
(Control)
Charlie
Model
Delta
Model
Delta_2
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4.1 Objective #1: Reduction of flow separation: The AlphaModel was used as a
control model in which to compare optimized designs.  The Alpha control model showed flow
separation occurring near the trailing edge of the diffuser as seen in Figure 4.2. This was a visual
observation seen in CFX-Post™ when 75 seed points were specified to show their fluidic path as
streamlines. It was observed that the configuration had the flow leaving the trailing edge of the
diffuser at a less than optimal angle, and fluid vortices continued out of the pump. It appeared
that the impeller blade angle was a contributing factor to the observed flow separation. In an
attempt to address this concern, the impeller region was rotated by 17° in the negative direction,
which is the same direction as the rotation of the impeller (counter-clockwise). This modification
was found to reduce vortices and straighten the streamlines. There was also a 0.24 mmHg
pressure head increase between the inlet of the impeller and the outlet of the diffuser. The
interface between was kept at this new position for all additional simulations involving the
AlphaModel.
Figure 4.2: Alpha Model before and after 17° rotation is imparted
Turbulent Region
Alpha Model Alpha Model w/ 17° Rotation
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4.2 Objective #2: Decrease the separation from the boundary layer area at the back
of the impeller region: The goals for the second prototype, BravoModel, were threefold; 1.
Decrease the diameter of the pump in order to enhance its capability to fit inside a human. 2.
Address any remaining turbulence issues pertaining to the region around the trailing edge of the
impeller. 3. Increase the shroud tip clearance to reduce the pump size further. The 9mm
maximum diameter of the Alpha Model was changed to 7mm in BladeGen™, re-meshed, and
run through CFX-Solver™ as BravoModel. This was an isolated amendment so that its effects
could be observed. The pressure difference generated by this pump was 14.23 mm hg compared
to the 17.44 mm hg generated by the AlphaModel. Although the drop in pressure was an
unwanted affect, it was deemed necessary in order for the pump to meet size requirements.
Therefore, future alterations were aimed at increasing the overall pressure generation and energy
imparted into the fluid while meeting the 7mm size constraint. The fluid interactions appeared to
be similar in both models observed with respect to streamline path and surface pressure.
Alterations were then made to the blade angles on the impeller of the Bravo Model. The
stagger angle at the leading edge of the impeller was increased more drastically and the stagger
angle at the trailing edge of the impeller was leveled with respect to the horizontal axis as seen in
Figure 4.3. This new prototype is called the Bravo_2.
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Figure 4.3: Impeller blade angles are compared between the Bravo and Bravo_2
Models
Bravo_2Model
Bottom Layer                     Top Layer
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The blade angle graphs for both models are shown in Figure 4.4:
Figure 4.4: Blade angle graphs for the Bravo and Bravo_2 Models
The most significant changes were performed on the bottom layer of the impeller blades in
leveling the blade angle with respect to the horizontal x-axis beginning at the trailing edge of the
impeller. That is to say the angle between the trailing tip of the impeller blades and a point
midway along the blade passage was decreased. This also caused there to be a greater angle
between a point midway along the blade passage and the leading edge of the impeller blades. A
more uniform flow and pressure contour resulted from these changes as shown in Figure 5:
BravoModel
Bravo_2Model
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Figure 5: Pressure contours on the Alpha 3-D Model (top), and Bravo_2 3-D Model
(bottom)
As a final alteration to the Bravo model, the shroud tip clearance was increased from its
initial distance of 1mm, to a distance of 2mm. It was known that in doing so would adversely
impact the performance of the pump. However, increasing the tip clearance meant being able to
fit the pump into a smaller area (which will ultimately be beneficial in human implementation).
Starting with the Bravo_2 geometry, the tip clearance was increased to 2mm and the new
prototype hereafter referred to as the Bravo_3Model was re-meshed and ran through CFX-
Solver™. By altering the shroud tip, the pressure difference between the inlet and outlet was
reduced to merely 7.86 mm hg. This was a sharp contrast to the 14.23 mm hg pressure increase
observed in the Bravo_2 Model. While the fluid transversing the pump was expected to have
AlphaModel
Bravo_2Model
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some fluid passing over the blade tips by nature, this phenomenon was prevalent in the Bravo_3
Model as seen compared to the control model in Figure 4.6:
Figure 4.6: Streamlines shown for 1 mm shroud tip clearance on the Alpha Model
(left), and 2 mm clearance on the Bravo_2 Model (Right)
The Bravo_3 model was ultimately rejected as a practical prototype primarily due to its poor
performance output. However, the Bravo category prototypes were successful in achieving the
first two goals of reducing the hub size and reducing the amount of turbulence associated with
the pump. Another prototype was created as an Alpha model variant with unique impeller blade
geometry from both the Alpha and Bravo models and became known as Charlie model. The
Bravo_2 variant and the Charlie model would ultimately be combined for the creation of the
Delta and Delta_2 models.
4.3 Objective #3: Blade angle optimization for pressure augmentation: The impeller blades
were again modified from the original Alpha model to create the Charlie model with unique
impeller and diffuser blade geometries. Relative to the Alpha model, the base layer of the
diffuser on the CharlieModel is a closer geometric match to the top layer, while the hub
diameter was kept at 7 mm for both the impeller and diffuser. This diffuser geometry was
AlphaModel Streamlines Bravo_3Model Streamlines
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decided on after several simulations using varying profiles were simulated because it generated
the largest pressure amplification. The change caused the streamlines to initially hit the diffuser
at a more uniform angle as shown in Figure 4.7:
A B
C D
Figure 4.7: A. Diffuser geometry of Alpha and Bravo models
(upper left). B. Diffuser geometry of the Charlie model with matching
layers (upper right). C. Turbulence shown in Bravo_2 diffuser region
(lower left). D. More uniform streamline pattern shown in Charlie model
diffuser region (bottom right).
Turbulent Region
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There was also a greater helical twist imparted at the leading edge of the impeller during this
stage as shown in Figure 4.8. The concept behind adding twist was to impart greater energy into
the fluid entering the pump in accordance with pump design theory (33).
Figure 4.8: Bravo_2 model impeller profile shown (top), and Charlie model profile shown
(bottom) with greater twist imparted on the leading edge of the impeller.
This resulted in a pressure generation of 15.59 mmHg, an increase of 1.36 mmHg from the
Bravo_2 model. This improvement might not initially seem like a large adjustment, but, in a
Fontan physiology, an additional 1 mmHg could make a substantial difference in the health and
stability of the cavopulmonary circulation in these patients because relative flow near the TCPC
junction is slow.
Bravo_2 Model
Charlie Model
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4.4 Objective #4: Reduction in irregular flow patterns for fluid transversing sections
With the size of both the impeller and diffuser sections successfully reduced to the
desired size of 7 mm in diameter with satisfactory pressure augmentation of over 15 mmHg in
the Charlie model, attention was focused on improving the flow characteristics of the fluid
region surrounding the interface between the impeller and diffuser. It appeared in CFX-Post™
when viewing fluidic streamlines that the fluid was crashing into the diffuser at a less than
optimal angle, causing irregular flow patterns and turbulence. To address this, two prominent
alterations were made to the Charlie model: 1. Shortening the gap between that impeller and
diffuser sections to allow a smooth transition of flow between regions. 2. Decreasing the size of
the hub only at the leading edge of the impeller (a.k.a. increasing blade size in that area). After
shortening the gap between the impeller and diffuser blades by 0.5 mm, fluid traveling from the
trailing edge of the impeller through the diffuser became less turbulent in nature as shown in
Figure 4.9, and the new prototype became known as the Delta model.
Turbulent Region 0.5 mm Reduction
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Figure 4.9: Charlie model (left) shown with original impeller/diffuser spacing and
Delta model (right) shown with 0.5 mm reduction in impeller/diffuser gap. Both images
are showing fluidic path streamlines.
Simulations did, however, show an unwanted affect on the Delta_1 model with the shortened
gap of having a pressure differential of 14.92 mmHg opposed to the 15.59 mmHg observed in
the Charlie model (a 0.67 mmHg decrease). To address this, while causing the least disturbance
to the fluid path, a reduction of the leading edge of the hub on the impeller was made from 5 mm
to 3 mm in diameter to the latest Delta_2 model shown in Figure 4.10.
Figure 4.10: The leading edge of the hub is reduced from 5 mm to 3 mm in
diameter.
By reducing the hub diameter and consequently increasing the blade height, more energy was
imparted into the fluid entering the pump. This caused the pressure augmentation to be raised to
15.22 mmHg on the Delta_2 model from 14.92 mmHg (a gain of 0.30 mmHg). The Delta_2
model met all design criteria by producing a pressure rise of 15.22 mmHg, fulfilling the size
constraint of having a diameter of 7 mm, and having minimal irregular flow conditions and
turbulence as observed through simulations.
Reduction from 5 mm to 3 mm in diameter
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4.5 BLOOD DAMAGE MODEL OF DELTA_2 MODEL
A blood damage analysis was conducted for the Delta_2 model. Table 2 displays the
numerical blood damage analysis. The scalar fluid stress levels along the surface of the impeller
can be seen in figure 4.11.
Figure 4.11: Scalar Fluid Stress Levels along the Impeller Hub Surface
The blood damage analysis contained the release of 500 particles through the fluid domain and
was estimated for a rotational speed of 6000 RPM over a flow rate of 3.75 LPM. The blood
viscosity was assumed to have a value of 3.5 cP. The maximum particle resistance time was
found to be 0.119 s, significantly higher than the mean particle resistance time of 0.018 s. The
maximum damage index was determined to be 5.16 10 % and the mean damage index was
found to be 1.73 10 %. This is well below the desire blood damage index of 2%.
Table 2:  Study Details of the Numerical Blood Damage Analysis
Flow Rate(LPM) RotationalSpeed(RPM) FluidViscosity(cP) NumberofParticles MeanDamageIndex MaximumDamageIndex MeanResidenceTime MaximumResidenceTime
3.75 6000 3.5 500 1.73x10-2% 5.16x10-2% 0.018 0.119
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4.6 SUMMARY: RESULTING DESIGN FROM OPTIMIZATION
Using Ansys™ software for CFD design and analysis, the systems approach to
engineering was applied to the pump design by designing →testing → analyzing and re-
designing as necessary. Beginning with the Alpha model used as a control, a series of alterations
were conducted and tested, resulting in the Delta_2 final model. The objectives were broken
down into four general categories: 1. Reduction of flow separation in general, 2. Decrease the
separation from the boundary layer area at the back of the impeller region, 3. Blade angle
optimization for pressure augmentation, 4. Reduction in irregular flow patterns for fluid
transversing sections. In addition to meeting the main goals, the Delta_2 model was successful in
achieving the requirements of meeting size constraints while providing a pressure augmentation
of ≥ 15.0 mmHg. Table 2 exemplifies design and performance changes for the design evolution.
Table 3: Model design and performance information
Model Alteration Pressure Generated
(mmHg)
Comments
Alpha (Control) Original Model 17.44 This was the initial
pump prototype used
to base all other pump
designs from
Bravo Impeller rotated in
counter-clockwise
direction 17°
17.68 This alteration helped
in reducing irregular
flow while causing a
small improvement in
pressure generated
Bravo_2 Maximum diameter
changed from 9mm to
7mm, trailing edge of
impeller blades
leveled
14.23 The size was reduced
to meet constraints
while the blade
geometry was
improved
Bravo_3 Shroud tip clearance
increased from 1mm
7.86 This alteration was
ultimately rejected as
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to 2mm is caused the pressure
to dip below the pump
needs
Charlie Diffuser blade angles
lined up more
vertically with greater
profile uniformity,
greater twist imparted
on leading edge of
impeller blades
15.59 Improvements in
diffuser blade
geometry helped to
increase pump
performance
Delta Shortening the gap
between the impeller
and diffuser blades by
0.5 mm
14.92 This alteration
reduced irregular and
turbulent flows
observed through
simulation
Delta_2 Decreasing the size of
the hub only at the
leading edge of the
impeller
15.22 This final alteration
increased the energy
imparted into the fluid
and caused the pump
to meet operational
needs
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CHAPTER V: PITCH-ADJUSTING PROTOTYPE PERFORMANCE
This section presents the performance results of the pitch-adjusting prototypes. To date,
there has never been a blood pump with similar pitch adjusting impeller blades used as a means
of flow control to enhance energy production. Current design limitations for rigid blood pumps
include having only a single optimal design point for operation, causing the pump to frequently
operate under off design conditions. This can lead to the formation of irregular flow patterns that
contribute to blood clotting.
5.1 PITCH-ADJUSTING PROTOTYPE DESIGN
Initial Pitch-Adjusting Prototype
The initial pitch-adjusting prototype uses a flexible and biocompatible polyurethane
material for the impeller that has both ends attached to an interlocking sleeve. The sleeve is
connected to a gear system that is controlled by a turn-style dial. The impeller blade position is
locked into place by two socket screws on the hub next to the dial. The angles can be adjusted by
simply loosening the screws, turning the dial to the desired helical twist, and locking that
position back into place. Initial pitch-adjustive evaluation was limited to only two twisted
positions due to physical constraints. These positions are 15° and 30° respectively. The twist on
the impeller blades was defined by a rotational dial with rotational indicators attached to an
interlocking sleeve and twisted positions of 15 and 30 were most reasonable for the 20 mm in
length prototype. For each case, the blade position was locked into place while the impeller was
rotated at 9,000 RPM while pressure and flow rate measurements were taken. For the 15° case; a
pressure rise of 37.3 mmHg for 0.52 L/min was observed. Likewise, for the 30° case; pressure
55
rise of 40.2 mmHg for 1.54 L/min was observed. These were encouraging results, therefore we
moved forward with the design of a second prototype that was capable of a wider range of
twisted angles.
Latest Pitch-Adjusting Prototype
The latest prototype is substantially longer than the initial prototype (~40 mm in length).
This allows for more significant blade angles to be applied. For this experiment, a helical “twist”
range of 60°-250° was selected to prove the ability of the pump over a range of rotational speeds
from 5000-8000 RPM and flow rates. The dimensions of both the original and latest prototype
can be seen in Table 3.
Table 4: Dimensions for the twisted impeller prototypes
Initial Twisted Impeller Latest Twisted Impeller
Impeller Axial Length (mm) 40 60
Hub Diameter (mm) 8 8
Blade Number 4 4
Blade Length (mm) 20 40
Blade Height (mm) 4 4
Blade Width (mm) 3 3
This was a substantial improvement in the twisting ability and locking capability of the
initial prototype. The latest prototype can be seen with multiple blade configurations in Figure
5.1:
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Figure 5.1: Latest Prototype with multiple blade angles shown, ranging from 60° to
240°
5.2 PITCH-ADJUSTING RESULTS
Figure 5.2 illustrates the performance results of the latest pitch-adjusting prototype,
plotting pressure generation versus the flow rate while rotating at a steady 5000 RPM for angles
ranging from 60° to 110° in increments of 10°. The pressure rise was observed to decrease as a
function of increasing flow rate. This trend held true for all, but the 70° case which performed
lower than that of the 60° configuration.
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Figure 5.2: Measured Pressure-Flow Performance at 5000 RPM as a Function of
the Twisted Increments (60°-110°)
As observed, higher twist angles resulted in greater pressure being generated. As seen in
Figure 5.3, similar results were found for the pitch-adjusting angles of 170°-250° at a rotational
speed of 5000 RPM. However, only marginal enhancements in performance were observed for
blade angles in the 200°-240° range.
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Figure 5.3: Measured Pressure-Flow Performance at 5000 RPM as a Function of
the Twisted Increments (170°-250°)
Performance was also examined for twist angles of 60°, 100°, and 200° respectively for
rotational speeds of 6,000-8,000 RPM. This resulted in greater pressure generation for given
twisted impeller configurations. As shown in Figure 5.4; qualitative results further support the
conclusion that higher twist yields a higher pressure rise. Figure 5.5 also directly illustrates the
conclusion that higher twist angles lead to great pressure generation by comparing the
performance of the prototype for 60°, 100°, and 200° twist angles at 8000 RPM.
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Figure 5.4: Pressure-Flow Performance
for Twisted Impeller Blades at 60,
100, and 200 for 6000-8000 RPM
A. 60 degrees, B. 100 degrees, C. 200
degrees.
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Figure 5.5: A. Pressure-flow performance curves for impeller blades at 60°, 100°,
and 200° running at 8000 RPM. B. Impeller blade angle control dial shown with
interlocking mechanism to lock angle in place.
To qualitatively demonstrate the increase in the change in pressure, Figure 5.6 shows the percent
increase in pressure generation as a function of twist angle at a flow rate of 0.5-4 L/Min with a
rotating speed of 5000-8000 RPM.
Figure 5.6 Quantitative plot of pressure rise increase as a function of increasing
twist angle
Over the entire range of blade angles tested, the average pressure across the pump
increased by 219%, while the maximum pressure rise increased by 472%. Over the 60°-80°
range, the average pressure was found to have increased by 30%. The average pressure increased
by approximately 84.7% over the 110°-170° range, while the maximum pressure increased by
199.7%. Little improvement in performance was observed in the 200°-240° range as the average
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pressure increased by merely 6%, and the maximum pressure experienced a 9% increase. Finally,
the change in performance became more substantial once again over the 240°-250° range as the
pump experienced an average change in pressure of 14.9% and a maximum change of 19.1%.
Overall, the twisted impeller produced pressure augmentation of 1-25 mmHg which
corresponded to flow rates of 0.5-4 L/min while operating at rotational speeds of 5,000-8,000
RPM.
5.3 PITCH-ADJUSTING SUMMARY
In summary, the results of this study signify that pressure generation increases as a
function of both rotational speed and blade angle. The implications of the results suggest that
adjusting the blade angle could considerably improve the pressure performance of the pump
without the need to alter the rotational speed of the pump itself. The only discrepancy in the
results came about at the lowest twist angles tested (60° and 70°). Unexpectedly, the 60° position
generated 13% greater pressure output than that of the 70° case. This could be attributed to a
mismatch of the blade angles for the given flow conditions. Increasing the blade angles beyond
70° caused the expected outcome of generating greater pressure rises with more significant twist
angles. The pitch-adjusting impeller imparted ample increases in energy as a function of
increasing blade angles. The maximum pressure increased by 472% between the angles of 60°-
250°, demonstrating a successful proof-of-concept.
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CHAPTER VI: DISCUSSION AND CONCLUSIONS
Approximately 2 out of every 100 births in the U.S. result in a single functional ventricle.
Without surgical intervention, this condition is usually fatal within the first two weeks of life.
The current surgical option for these patients consists of three open heart surgeries that culminate
in the Fontan physiology (33). In these patients, there is no sub-pulmonary power to pump blood
through to the lungs. This leads to a higher systemic pressure and diastolic pressure becomes
reduced under failing conditions (33). In years past, the focus revolved around the optimization
of the TCPC to reduce energy losses. However, these optimizations have neared their limits and
the focus has turned to mechanical circulatory assistance to meet the needs of a growing number
of failing Fontan patients.
Ventricle assist devices (VADs) are being developed and are in use today to support the
systemic circulation. However, they were designed to be used in a normal biventricular
physiology, and not intended for use in a cavopulmonary circulation (34). These devises along
with some pulsatile and continuous flow pumps generate pressures far greater than what is
needed in the unique Fontan physiology. These pumps were designed for support in congestive
heart failure patients in a biventricular circulation, and they require invasive surgeries for
implementation. These products currently on the market are not therefore suitable for use in
patients with Fontan physiologies as it imposes the risk of thrombosis and hemolysis (2).
6.1 CURRENT TECHNOLOGIES
Research groups have been working on Fontan-supporting devices. Some of the studies
conducted focused on the application of clinically available blood pumps into the IVC or
external devices that use pressure to augment flow for Fontan patients (35). Others focus on
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compressible technologies that are placed around TCPC or the use of axial flow pumps (35).
One such application is the use of the Berlin Heart being used in wide range of patient ages. The
novel Von Karman expandable heart pump, which is designed for use in neonates and adults, has
been tested for placement directly into the TCPC junction itself (35).  Researchers at the Indiana
School of Medicine have inserted two Hemopumps in the SVC and IVC of an animal model
Fontan physiology (36). The hemodynamic condition was improved, giving viability to the
support of ailing Fontan physiologies with mechanical circulatory support (36). They also
performed a study that showed pulsatile flow around the TCPC junction had no significant
benefit. The University of Colorado is developing an axial-flow blood pump to aid in failing
Fontan physiologies, and hydraulic testing has shown promising results. Stanford University has
completed cavopulmonary testing on a sheep by implanting a Thoratec HeartMate II and
evaluating the response (7). Cardiac output and arterial pressure were significantly improved in
the IVC, but issues were encountered concerning thrombosis at the higher flow rates (37).
Therefore, there still exists a need for a heart pump specifically designed to meet the needs of
Fontan patients who pose a significant problem by using health care resources greater than their
numbers.
To address the growing need for alternative options for Fontan patients, we are
developing a novel cavopulmonary assist devise to be percutaneously inserted via the remote
femoral vein and positioned within the IVC next to the TCPC junction. The energy imparted by
the pump with help to augment pressure and flow around the TCPC junction, reducing venous
hypertension by overcoming vascular resistance (38). Unique in design, the pump with have an
outer protective cage that acts as a touch down surface on the vessel wall in order to protect the
wall from the rotating impeller component. The cage has radially arranged filaments that are
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designed to reduce drag and maximize impeller efficiency. The pump must be collapsible to a
target size of 5mm in order to be inserted, and have the capability to extent to a size of around
18mm in diameter when fully inserted into the IVC. The pump is intended to provide a flow
range of 0.5-4.5 L/min with pressure rises of 2-25 mmHg for operating rotational speeds of 3000-
9000 RPM. It is anticipated that this pump with be used for failing Fontan support in older
children, adolescent, and adult patients as a cavopulmonary assist device. To date, rigid blade
designs are used almost exclusively in all continuous blood pumps. While work has been done in
optimizing the cage filaments surrounding the pump, little has been done in the area of
improving the blade geometry itself. The objective of this thesis was to optimize both the
impeller and diffuser regions of a rigid blade design as well as the numerical and experimental
evaluation of a pitch-adjustable impeller blades in order to improve and adjust the flow profile in
the pump.
6.2 NUMERICAL OPTIMIZATION: FIXED-BLADES
The original axial flow Alpha model pump was created in BladeGen™, meshed in
Turbomesh™, and analyzed in CFX-Post™. It consisted of an impeller section with three
rotating blades, and a stationary diffuser section which consisted of four blades. Initial
simulation testing was conducted at a flow rate of 3.75 L/min and a rotational speed of 6000
RPM. The turbulence was modeled using the − model which was chosen because of prior
experience in pump simulations. Initial results produced a pressure augmentation between the
leading edge of the impeller and the trailing edge of the diffuser of 17.44 mmHg. An undesired
separation of flow in the Alpha model was observed. Therefore, the interface between the
impeller and diffuser was altered by rotating the impeller section 17° in the counter-clockwise
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direction. This alteration limited the amount of separation and raised the pressure generation to
17.68 mmHg.
Attention was then turned to reducing the pump size for implantation constraints while
maintaining sufficient pressure and energy augmentation. It was necessary to collapse the size of
the pump in order to make it possible for insertion into the remote femoral vein. The final goal is
to make the pump 5 mm in diameter. However, as the size of the pump is reduced, it changes the
optimal geometrical configuration in a non-linear fashion according to blade theory (19). So the
pump size had to be reduced in an incremental fashion and re-examined in order to maintain
pump efficiency. To accomplish this, the 9 mm mesh was reduced to 7 mm in BladeGen™ and
re-meshed using TurboGrid™ software. Due to the reduction in size and consequently less area
to impart energy, the pressure generation for these simulation produced 12.39 mmHg. Therefore,
several alterations were made to the impeller geometry until simulations showed a pressure gain
of 14.23 mmHg, a 14.85% increase. This geometry consisted of a more level trailing edge of the
impeller section as compared to its’ Bravo model predecessor, and was deemed the Bravo_2
model. Further simulations were conducted in increasing the shroud tip clearance. However these
changes were rejected due to a significant reduction in pressure augmentation down by 44.27%.
A unique diffuser blade geometry was constructed for the following Charlie model that
consisted of the base layer of the diffuser lining up more linearly with the top layer as well as
having a more evenly distributed diffuser blade thickness. There was also greater twist imparted
on the leading edge of the impeller in an attempt to again increase pressure. The pressure
augmentation in the Charlie model simulation was 15.59 mmHg.
The final objective was in decreasing and minimizing any non-uniform or irregular flow
patterns observed. To address this issue, the gap between the impeller and diffuser sections was
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reduced by 0.5mm and the hub size was reduced by 2mm only around the leading edge of the
impeller section. By doing so, only a small decrease in pressure generation down to 14.92mmHg
was observed, but the fluidic paths became more streamline in nature. This became known as the
Delta model. Streamlining the flow was important in the prevention of blood damage and
clotting because irregular flows and turbulence within the fluid domain cause the blood cells to
rupture and spill their hemoglobin. As a final alteration, the hub size at the leading edge of the
impeller was decreased by 0.5mm which in turn increased the blade height at that region by
0.5mm on what was known as the Delta_2 model. This caused the pressure to be increased by
3.87% to 15.22mmHg without compromising the flow pattern. The study finding demonstrated
that the Delta_2 geometry possesses the hydraulic capability to meet the needs of Fontan patients
by stabilizing and reversing hemodynamic deterioration. By producing 2-17 mmHg over flow
rates ranging from 0.5-4 L/Min over rotational speeds of 4,000-9,000 RPM, CFD°™ findings
suggested sufficient energy was imparted in the Delta_2 model to meet the study goals.
Furthermore, visual analysis of streamlines using CFD-Post™ software suggested minimal
occurrence of irregular flow patterns and turbulence within the impeller and differs sections of
the pump. However, by employing the finite element analysis approach, this study was limited
by error margins between simulated and actual performance. Future hydraulic and blood damage
studies to be carried out on physical models of the Delta_2 model will provide better insight into
the pumps performance.
The accuracy of the CFD predictions largely depends upon the turbulence model used
and the ability of the CFD software to solve the complicated RANS equations (16). The model
accuracy is related to the quality and density of the grid, but the grid itself is limited by
computational restrictions relating to the performance capabilities of the computer used. A grid
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independence study was carried out to insure that mesh density was independent of the model
physics. The use of the − turbulence model used was found to have the least amount of
deviation between model predictions and results (16).
6.3 FLEXIBLE PITCH-ADJUSTING BLADES
The field of artificial heart pumps has experienced a shift from pulsatile type heart pumps
to continuous flow heat pumps that have less moving parts. Continuous flow pumps also offer a
size advantage over the pulsatile type pumps which have been in use (39). The continuous
opening and closing of the pulsatile pumps causes more mechanical wear and failure than that of
the continuous flow type. Advances in resent continuous flow heart pumps include
improvements to the drive systems (39). However, little advances have been made in the area of
blade design itself. Rigid pump designs are being used in almost every continuous flow pump
under development and in clinical use today (39). These designs have several shortcomings
which include having only one optimal design point for operation. Working away from the
optimal design point leads to irregular flow patterns that can cause thrombosis and hemolysis
(40).
To address this concern, this study examines the adaption of pitch-adjusting impeller
blades as a novel concept in order to more efficiently control blood flow and have the ability to
move pressure-flow curves without the need to adjust the rotational speed, which may lead to
blood damage and clotting. The concept of adjusting blade angles to maximize thrust and
minimize fluid resistance has only been used in other industries such as in wind turbines and
airplane propellers. It has yet to be incorporated into a heart pump as a means to increase energy
transfer and improve flow control (39). Possessing the capability to alter blade angles gives the
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impeller the unique capability to operate at highest hydraulic efficiency under various conditions.
The initial pitch-adjusting impeller prototype created was limited to two configurations: 15 and
30°. For the two configurations, hydraulic testing was conducted as a proof-of-concept with the
impeller being rotated at 9,000 RPM. For the 15° case; a pressure rise of 37.3 mmHg for 0.52
L/min was observed, and pressure rise of 40.2 mmHg for 1.54 L/min was found for the 30° case.
A new pitch-adjusting prototype was then constructed to examine a wider range of blade angles.
The new prototype had an impeller blade length of 40 mm as compared to 20 mm on the
original. The increased length allowed for greater twist to be imparted through the interlocking
key mechanism attached to the front of the impeller blades and geared down to the dial control
assembly. The latest impeller prototype was measured for its pressure-flow performance at a
rotational speed of 5,000RPM over a blade angle range of 60°-250°. With only the exception of
one case, the pressure and flow range increased steadily as a function of increasing blade angle
with the exception of the 70° case which performed slightly poorer than the 60° case at lower
flow rates. It was hypothesized that this phenomenon was chiefly due to a mismatch of blade
angles with incoming flows at low flow rates in accordance with blade pump theory (19). Also to
be noted, only a minor performance improvement was observed for blade angles for the 200°-
240° stagger angles. The pressure-flow performance was also examined for 60°, 70°, and 80° for
a range of rotational speeds ranging between 6,000-8,000 RPM over a flow range of 0.5-4.5
L/min.
The tests showed, as anticipated, a substantial increase in pressure generation at a
constant blade angle as a function of increasing rotational speed. Also, as anticipated, the
pressure generation was also continuously increased for a given rotational speed as a function of
increasing blade angle. Over the testing range of 60°-250°, the average pressure increased by
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219% and the maximum pressure increased by 472% over the same range. In the end, the pitch-
adjusting impeller produced a range of increased pressures between 1-25mmHg over a flow
range of 0.5-4L/min at rotational speeds ranging from 5,000-8,000 Rpm. In summary, pressure
generation increases: 1. with rotational speed for a given impeller twisted configuration, and 2.
as a function of increasing twist angles. Implications suggest that the pressure-flow performance
curves could be moved through blade pitch adjustment alone without the need to alter rotational
speed. The pump performance could then be adjusted to meet the patient specific needs and still
operate at highest hydraulic efficiency or best efficiency point (BEP). To maximize efficiency,
moving from one BEP to another may also include the adjustment of rotational speed in order to
best align blade angles with the incoming flow vortices. Having the ability to change operating
conditions would be particularly beneficial when alterations in demand are caused from the
activity level. The pitch adjusting impeller could also operate at BEP conditions for a wide range
of patient specific pathophysiologies. Operating at BEP conditions would lower rotational speeds
which would help to minimize fluid stress that can cause hemolysis and thrombosis.
6.4 EXPERIMENTIAL ERROR
Care was taken to ensure that all measurement equipment was thoroughly calibrated
before use. For the pressure transducer, a minimum of 3 calibrations were performed prior to
data accusation. The greatest deviation in calibrations was 0.7%, and the lowest value was
found to be 0.98. This indicated acceptable variability to continue with experimentation. The
flow meter was calibrated in a similar manor. The hydraulic loop was limited by the physical
incapability of maintaining perfect stability, especially at higher flow rates. However, for each
pressure data point obtained, a minimum of 50 data points were averaged to adequately depict
performance. Another concern for the hydraulic loop was the formation of air bubbles. The
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presence of air bubbles in a closed loop system causes both the pressure and flow rate
information to become distorted. In an attempt to eliminate the presence of air bubbles, every
effort was taken to completely fill the system with the water/glycerin solution. The tubes were
flushed out and the solution was added into the reservoir tanks until it spilled out of bleed lines
before data was acquired.
6.5 GENERAL STUDY LIMITATIONS
Although the study findings were encouraging, limitations still exist and ongoing work
needs to be done. One constraint that will need to be addressed is size which will have to be
further reduced in order to be implanted. However, the current design was successfully reduced
in size without compromising target performance and leaves room for flexibility in design.
Biocompatible and flexible materials must also be explored for the protective cage that will rest
on the inside of the vessel walls, protecting it from the rotating impeller. Acute animal studies
will provide an insight into the practical incorporation of the pump into the cardiovascular
system. For the twisted impeller, hemolysis testing will be conducted at each blade angle over a
range of flow rates and rotational speeds in order to examine the affects at various operating
conditions. Further research will also be carried out in incorporation a bio-compatible material
for the pitch-adapting impeller that must be flexible enough to support  a wide range of twist
angles while simultaneously be rigid enough to maintain those angles and impart the needed
energy into the blood. The long-term durability of the impeller will also be tested over various
blade angles and rotational speeds to ensure resilience to damage over time. Expanding the
twisting range of the impeller blades to over 250° will also be looked into. Fluid-structure
interaction simulations will be conducted to look at the flow dynamics within the system having
to do with blade interactions over time at various conditions. These additional studies will give a
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more detailed examination of both the CFD simulations involved with the rigid pump design,
and the pitch-adjusting physical model.
6.6 CONCLUSIONS
Over 1 million children are born each year with congenital heart abnormalities, a subset
of which have only one functioning ventricle. The current treatment paradigm includes three
open heart surgical interventions that conclude in the Fontan physiology. This research is
intended to progress the development of a cavopulmonary device for use in failing Fontan
physiologies. The pump would be intended to be inserted via the remote femoral vein into the
inferior vena cava in order to impart energy into the blood and augment pressure generation into
the TCPC. This device would increase the quality of life for these patients and reduce the chance
of mortality by reducing venous hypertension by overcoming vascular resistance in the
pulmonary arteries. The device is intended to support bridge-to-transplant, bridge-to-recovery, or
bridge-to-surgical reconstruction in failing Fontan patients. A rigid pump design was created and
evaluated through the use of ANSYS CFX™ 12.1 software. A final prototype design was able to
produce, through simulations, a pressure augmentation of 15.22 mmHg which is capable of
improving the hemodynamic condition in these patients. There was also a flexible impeller
prototype created with the capability of altering the helical twist on the impeller blades between
60°-250°. For each twisted position, hydraulic experiments were carried out to evaluate pressure
and flow performance. As expected, the pressure decreased as a function of increasing flow rate
for a given position (16). Also expected, pressure consistently increased as a function of
increasing rotational speed (16). There was also observed a steady increase in pressure and flow
for a given rotational speed as a function of increasing blade angle (16). The pitch-adjusting
impeller prototype was able to produce 1-25 mmHg for 0.5-4.5 L/min over rotational speeds
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between 5000-8000 RPM. The findings of this study aid in the progression of the development of
intravascular blood pumps and present an innovative blood pump design for endovascular
therapy.
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